The goal of these studies was to determine how sorption by humic acids affected the bioavailability of polynuclear aromatic hydrocarbons (PAHs) to PAH-degrading microbes. Micellar solutions of humic acid were used as sorbents, and phenanthrene was used as a model PAH. Enrichments from PAH-contaminated soils established with nonsorbed phenanthrene yielded a total of 25 different isolates representing a diversity of bacterial phylotypes. In contrast, only three strains of Burkholderia spp. and one strain each of Delftia sp. and Sphingomonas sp. were isolated from enrichments with humic acid-sorbed phenanthrene (HASP). Using [ 14 C]phenanthrene as a radiotracer, we verified that only HASP isolates were capable of mineralizing HASP, a phenotype hence termed "competence." Competence was an all-or-nothing phenotype: noncompetent strains showed no detectable phenanthrene mineralization in HASP cultures, but levels of phenanthrene mineralization effected by competent strains in HASP and NSP cultures were not significantly different. Levels and rates of phenanthrene mineralization exceeded those predicted to be supported solely by the metabolism of phenanthrene in the aqueous phase of HASP cultures. Thus, competent strains were able to directly access phenanthrene sorbed by the humic acids and did not rely on desorption for substrate uptake. To the best of our knowledge, this is the first report of (i) a selective interaction between aerobic bacteria and humic acid molecules and (ii) differential bioavailability to bacteria of PAHs sorbed to a natural biogeopolymer.
Polycyclic aromatic hydrocarbons (PAHs) are persistent, widespread environmental pollutants (10, 11, 46) . A potentially important process for remediation of PAH-contaminated soil or sediment is biodegradation. A diversity of bacteria that grow on and degrade a variety of PAHs have been isolated (54) . From the study of these organisms, catabolic pathways have been deduced, and a number of the genes encoding catabolic enzymes, particularly dioxygenases, have been identified (23, 28, 36, 40, 47, 50, 58) . However, relatively little is known about the occurrence or type of microbial adaptations that might mitigate the low bioavailability of PAHs, which is considered to be the most important factor limiting PAH biodegradation (11, 41, 46) .
A bioavailable compound occurs in a physiochemical state accessible to microbes. Conventionally, a PAH or other substrate is considered bioavailable if it is dissolved in the aqueous phase and nonbioavailable if it is associated with a sorbent (46) . However, kinetic analysis of sorbed substrate mineralization (i.e., release of substrate-carbon as CO 2 ) by organisms in soil or bioreactors has indicated that, in some cases, mineralization rates exceed those of desorption (15, 34, 35, 48) . These findings were interpreted to indicate that some organisms interact with the environmental sorbent in a way that creates a pathway for substrate uptake that circumvents desorption to the bulk aqueous solution or increases mass transfer rates from the sorbent to the cell (34, 35, 57) .
Microbes with abilities to gain access to sorbed substrates might occupy an important niche in the biodegradation of PAH, and isolation of such organisms has recently been investigated. Recognizing that the traditional enrichment system of adding PAH crystals in an aqueous culture is likely inadequate for selective culture of such organisms, systems in which selection is imposed for organisms capable of growing on a PAH (or other hydrophobic compound) sorbed to synthetic resins or membranes have been used (6, 13, 14, 48) . From these systems, bacteria which differ from organisms isolated by the traditional approach in that they are different groups of species and/or more effective in the degradation of sorbed PAH have been isolated (6, 13, 14, 48) . These findings support the hypothesis that a unique microbial population may adapt to and mediate degradation of sorbed compounds. It is unknown, however, if microbes may adapt to interact with heterogeneous natural materials (e.g., soil organic matter), which serve as the primary environmental sorbents for PAH, in ways that facilitate the uptake of PAH sorbed by these materials. Both mineral and organic constituents of soil and sediment may act as sorbents, but the latter typically play the major role. The organic phase is complex and may be composed of pollutants (e.g., nonaqueous-phase liquids) as well as a variety of natural materials. Among the latter, humic substances, which are complex macromolecules derived from the microbial degradation of plant, animal, and microbial residues, are predominant. The chemistry of humic substances and sorption of hydrophobic compounds, such as PAH, resemble a partitioning process between an aqueous solution and an organic phase (9, 10, 25, 55) . Desorption of humic-substance-sorbed compounds is typically considered necessary for entry into the bioavailable phase and subsequent biodegradation (46) . However, little is known about how microbes interact with humic sorbents or how cellhumic-substance interactions might affect bioavailability.
Humic substances are the most abundant form of organic matter in terrestrial ecosystems (43) , and microbial interactions with these materials may be fundamental in many ways. In anaerobic environments, humic acids (HA) are utilized as electron acceptors or electron shuttles by a variety of bacteria (12, 24, 29) . With aerobes, exposure to humic materials has been shown to have various effects on metabolic activity in general and on the biodegradation of organic pollutant compounds in particular. For example, the growth of heterotrophic and nitrifying bacteria was reported to be stimulated by the addition of humic acids to culture media, and in both cases, the effect was attributed to the alteration of membrane characteristics such that nutrient uptake was enhanced (49, 52) . Exposure to humic acids improved the survival of Arthrobacter crystallopoietes by unknown mechanisms (22) . Degradation of homo-and heterocyclic aromatic compounds was stimulated by humic acids, an effect attributed to enhanced uptake rates (31) . However, Shimp and Pfaender (42) observed a diminished capacity of mixed bacterial cultures to degrade phenolic compounds following exposure to humic acids and speculated that the latter elicited cell surface alterations that hindered phenol uptake. Exposure to humic acids has also been shown to stimulate PAH degradation, an effect postulated to reflect (i) an enhanced solubilization of PAH by humic acids (21) or (ii) the concentration of PAH on the surfaces of humic acids (33) .
In the present study, enrichment cultures and mineralization tests were done in which micellar solutions of humic acids were used as the sorbent and phenanthrene was used as the sorbate. Micellar humic acid solutions are stable colloidal dispersions of humic molecular aggregates. The term "micellar" is used here because, although the occurrence of micelle-like structures is debated (44, 53, 55) , humic acid solutions display characteristics consistent with the occurrence of a critical micelle concentration, as is observed with simpler amphiphiles. Also like simple amphiphiles, at concentrations above the critical micelle concentration, humic acid micellar solutions can solubilize relatively large amounts of hydrophobic chemicals (16, 55, 59 ). As a model system to explore microbial interactions with natural sorbents, we viewed micellar HA solutions as useful in that they possess some of the complexity of humic substances that have a major role in PAH sorption in the environment. The solubilization capacity of the micellar HA solutions and their liquid character also facilitated their use as a sorbent in enrichment cultures or activity tests.
We viewed the use of HA solutions as a means to address a basic question: can microbes adapt to interact with humic substances in ways that facilitate the uptake of humic-substancesorbed compounds such as PAH? Our hypothesis was that the HA-sorbed phenanthrene would present a large pool of substrate that would be bioavailable only to certain strains adapted to interact with the HA in a manner that permitted access to the sorbed compound.
MATERIALS AND METHODS
Humic acid preparation. The HA used was a preparation commercially available through Aldrich Chemicals (Milwaukee, WI). For use in enrichment cultures, the HA was purified using a simplified version of the protocol outlined by the International Humic Substance Society (IHSS) (45) . Briefly, HA (1 g) was dissolved in 10 ml of 0.1 N NaOH. This solution was then acidified to pH 1.0 with 6 N HCl to flocculate the HA and dissolve oxide minerals. The acidified HA solution stood quiescently overnight, and then the precipitated HA was recovered by centrifugation (10,000 ϫ g, 15 min). To dissolve silicate minerals, the HA was resuspended in a solution of 0.1 M HCl and 0.3 M hydrofluoric acid and incubated overnight with mixing, and then the particulate material was recovered by centrifugation (10,000 ϫ g, 15 min). The HCl-hydrofluoric acid treatment was done a total of three times, and the resulting solution was transferred to dialysis tubing (molecular weight cutoff [MWCO], 5,000; snakeskin dialysis tubing; Pierce, Rockford, IL) and the tubing placed in distilled water. Distilled water was exchanged daily until the pH and electrical conductivity of the water did not change after overnight dialysis. The HA preparation was freeze-dried. Prior to use, samples of the freeze-dried HA preparation were plated on 1/10 nutrient broth to verify that there was no microbial contamination.
Humic acid preparations used in mineralization tests were subjected to additional purification. First, KCl (final concentration, 300 mM) was added to the initial solution of HA in NaOH and the flocculated suspended solids removed by centrifugation (10,000 ϫ g, 15 min). Second, after precipitation with 6 N HCl, the samples were dissolved in 0.1 N KOH to coagulate any remaining undissolved minerals. Third, dialysis was done with a 10,000-MWCO membrane. With these modifications, the cleanup procedure followed the complete IHSS protocol (45) . Experiments showed that the HA prepared by the simplified IHSS protocol contained substances labile to mineralization by phenanthrene degraders. In initial tests, production of carbon dioxide from labile humic acid-carbon interfered with mineralization measurements of humic acid-sorbed [
14 C]phenanthrene; purification by the complete IHSS protocol eliminated this interference.
Equilibrium dialysis. Radiolabeled phenanthrene ([9-14 C]phenanthrene, 2.04 GBq mmol Ϫ1 ; purity, 99.6%; Sigma, St. Louis, MO) and nonlabeled phenanthrene were mixed in hexane to give a working stock of 25 g total phenanthrene l Ϫ1 and a specific activity of 7.4 Bq g Ϫ1 . An aliquot (40 l) of the working stock was added to a 12-ml chamber of an acrylic Spectra/Por MacroDialyzer (Spectrum, Rancho Dominguez, CA) containing mineral salts medium (MSM) (19) . The total amount of phenanthrene added to the aqueous-phase chamber was ca. 83-fold in excess of its water solubility level. The other chamber, containing 2% (wt/vol) HA in MSM, was separated from the first chamber by a Spectra/Por-regenerated cellulose dialysis membrane (MWCO, 1,000; Spectrum). This HA concentration represented the upper range of HA concentrations previously reported to enhance the solubility of hydrophobic compounds (7, 8) . Both chambers contained stir bars, and the apparatus was incubated on a stir plate for 250 h. Aliquots (100 l) taken from the HA chamber were added to 10 ml of Harvey Cocktail (R. J. Harvey Instrument Co., Hillsdale, NJ) and counted on a Rackbeta model 1209 scintillation counter (LKB Wallac, San Fransisco, CA). When HA appeared to be saturated with 14 C, 13 aliquots were taken from the HA chamber for determination of 14 C activity and calculation of 95% confidence intervals for phenanthrene sorption.
The rate and amount of phenanthrene desorbing from the HA were also determined by equilibrium dialysis. The apparatus described above was used, and the 2% (wt/vol) HA chamber was spiked with the [ 14 C]phenanthrene mixture. The starting concentration of phenanthrene in the 2% (wt/vol) HA chamber was 32 g ml Ϫ1 , which approximated the lower 95% confidence interval for phenanthrene sorbed to HA. The aqueous phase was sampled for 14 C activity immediately after assembly of the dialysis unit. When the 14 C activity in the aqueous chamber was in equilibrium with the HA chamber, 16 samples were taken to establish 95% confidence intervals for the amount of phenanthrene desorbed.
Soil samples. PAH-contaminated soil was acquired from sites of former coal gasification plants in Ashland, Chippewa Falls, and Eau Claire, Wisconsin. A soil borer was used to take samples from 0-to 50-cm depths, and samples were placed on ice for transport. Samples of a fourth soil were acquired from a former coal gasification plant in Iowa City, Iowa. All soil samples were refrigerated at 2°C until used in enrichment experiments.
Isolation of phenanthrene degraders. Paired enrichments were done to compare the types and characteristics of phenanthrene degraders isolated via a conventional approach with nonsorbed phenanthrene (NSP) to those enriched with HA-sorbed phenanthrene (HASP). The HASP enrichment cultures contained 32 g phenanthrene ml Ϫ1 dissolved in 2% (wt/vol) HA-MSM. A common, homogenized inoculum was prepared by adding 2 g of each soil to 50 ml of MSM containing 10 mg phenanthrene. After 1 week of incubation, aliquots (500 l) of this solution were inoculated into NSP and HASP cultures. The NSP and HASP cultures were incubated for 1 week, and 5% (vol/vol) aliquots were transferred to fresh NSP or HASP medium. An HA enrichment blank (HAB) was established using the soil from Chippewa Falls as the inoculum; the HAB contained 2% (wt/vol) HA in MSM but no added PAH. HAB enrichments were not established with the other three soils. This was because the amount of HA needed for each culture was relatively large, and the processing of HA for use in cultures was a 3798 VACCA ET AL. APPL. ENVIRON. MICROBIOL.
time-consuming process; other experiments were deemed to have greater priority for use of this limiting resource. After three transfers, 10 Ϫ5 dilutions of enrichment cultures were spread onto MSM noble agar plates coated with phenanthrene (27) . When zones of clearing were observed, colonies were picked and restreaked onto MSM phenanthrene plates. Single colonies showing zones of clearing were picked and inoculated into liquid MSM, with phenanthrene being supplied in the crystalline form as the sole carbon and energy source to verify utilization of phenanthrene.
Outside sources of phenanthrene-degrading bacterial cultures. Sphingomonas aromaticivorans F199 was acquired from the American Type Culture Collection (strain ATCC 700278), and Sphingomonas sp. strain P5-2 was kindly provided by M. Alexander (Cornell University).
Phenanthrene mineralization in HASP and NSP cultures. Two systems were used to conduct paired tests to determine an isolate's ability to grow on and mineralize phenanthrene in HASP and NSP cultures. The first system was a large-volume radiorespirometry device that was suited for time point studies with a limited number of isolates. The second was a small-volume system that facilitated replicated screening of large numbers of isolates for the mineralization endpoints.
The large-volume system was used to test cultures isolated from the HASP enrichments: Sphingomonas sp. strain 12H6; Burkholderia sp. strains Ch1-1, Ch3-5, and Eh1-1; and Delftia sp. strain Eh2-1. The NSP-acquired isolate, Burkholderia sp. strain Cs1-4, was also included in these tests because based on 16S rRNA analysis, it was closely related to the three HASP-enriched strains of Burkholderia sp. listed above.
For the time point study, the large-volume radiorespirometry vessel was similar to that described by Reid et al. (38) and consisted of a 250-ml glass screw-top flask, a Teflon-lined top with an alligator clip to hold the alkali trap, and a 20-ml scintillation vial as the alkali trap. The traps contained 1.5 ml of 2 N NaOH. All reaction mixtures contained 70 g of phenanthrene (42.6 Bq g Ϫ1 ) in 5 ml MSM or in 5 ml of 2% (wt/vol) HA-MSM, which had mixed for at least 7 days on a stir plate. Results from equilibrium dialysis tests (see below) indicated that a 2% (wt/vol) HA solution could sorb 15 g ml Ϫ1 phenanthrene in 3 days and a maximum of 32 g ml Ϫ1 of phenanthrene in 7 days. Thus, the concentration of phenanthrene added to the 2% (wt/vol) HA-MSM solution (14 g ml Ϫ1 ) was about half the HA sorption capacity, and for which 7 days was more than sufficient for full sorption to occur. To each flask, 500 l of mid-log-phase phenanthrene-grown culture was added to give an initial cell density in the cultures of 10 4 CFU ml Ϫ1 . Burkholderia sp. strain Eh1-1 was also tested at an initial density of 10 2 CFU ml Ϫ1 . Flasks were then incubated with shaking, and the NaOH traps were periodically replaced during the 14-day incubation period. The 14 C activity in the traps was counted directly after the addition of 9 ml ScintSafe Plus 50% scintillation cocktail (Fisher Scientific, Pittsburgh, PA). At the end of the experiment, 10 l of culture fluid was added to 9 ml of scintillation cocktail and counted to determine 14 C mass balances. The aqueous phase would have included 14 C-labeled cells in suspension and water-soluble 14 C metabolites produced from [ 14 C]phenanthrene, as well as nonmetabolized parent compound. The radiorespirometry apparatus used for endpoint screening of the entire culture collection was a 20-ml scintillation vial, into which was inserted a 15-mm by 45-mm vial containing 750 l of 2 N NaOH. Each NSP mineralization test established in these contained 7 g of phenanthrene (42.6 Bq g Ϫ1 ) in 500 l of MSM, while each HASP test culture contained 7 g of phenanthrene (42.6 Bq g Ϫ1 ) in 500 l of 2% (wt/vol) HA in MSM. For the latter, phenanthrene was added at least 7 days in advance of the study, and the solutions were mixed on a stir plate. Cultures of all isolates were grown on 10 mg phenanthrene in 25 ml MSM. Aliquots (1.5 ml) of log-phase cultures for each strain were centrifuged, the supernatants were discarded, and the cell pellets were frozen at Ϫ20°C for later use in mineralization tests (approximately 1 to 3 weeks). Cell pellets were resuspended in 200 l of 13 mM phosphate buffer (pH 7), and 20 l (10 6 to 10 7 CFU ml Ϫ1 ) of each strain was added to replicate vessels. Scintillation vials were capped and then incubated for 7 days with shaking. The NaOH traps were then removed, and 9 ml ScintSafe Plus 50% scintillation cocktail was added to the trap. For the NSP systems, 9 ml scintillation cocktail was directly added to the reaction vial.
BOX-PCR genomic fingerprinting. Each reaction mixture contained Gitschier reaction buffer [16.6 mM (NH 4 ) 2 SO 4 ; 67 mM Tris-HCl, pH 8.8; 6.7 mM MgCl 2 ; 6.5 M EDTA, pH 8.8; and 30 mM ␤-mercaptoethanol], 1.25 mM deoxynucleoside triphosphates, 0.16 mg ml Ϫ1 bovine serum albumin, 10% dimethyl sulfoxide, 1.4 M BOXA1R primer (51), 2 U of Taq DNA polymerase, and 1 l of genomic DNA. Reaction mixtures were brought to 25 l with distilled water. The thermal cycling program was 95°C for 2 min followed by 31 cycles of 94°C for 3 s, 92°C for 30 s, 50°C for 1 min, and 65°C for 8 min and a final extension step of 65°C for 8 min. PCR products were separated by electrophoresis at 75 V for 2 h in 1.5% agarose gels containing 3 g ml Ϫ1 ethidium bromide and 1ϫ Tris-acetate-EDTA containing 3 g ml Ϫ1 ethidium bromide. Sequencing and analysis of 16S rRNA genes. Amplification by PCR of the 16S rRNA gene was done with the bacterial primer set 27f and 1492r (3). The thermal cycling parameters were a 5-min hot start at 94°C, followed by 30 cycles of denaturation for 1 min at 94°C, annealing at 50°C for 30 s, and extension for 2 min at 72°C, with a final extension of 5 min at 72°C. Each 50-l reaction mixture included 5 l Taq buffer B (Promega, Madison, WI), 2.5 mM MgCl 2 , 0.4 M each primer, 200 M deoxynucleoside triphosphates, 2 U of Taq (Promega), and 1 to 3 l genomic DNA. For organisms with high GϩC contents (e.g., Mycobacterium spp.) 5% (vol/vol) dimethyl sulfoxide was included in the PCR. Prior to sequencing, the PCR product was purified using a Qiaquick PCR purification kit (QIAGEN, Valencia, CA). Sequencing reactions with primers 27f, 1492r, and 338f (5) were done using the ABI PRISM BigDye terminator chemistry (PE Applied Biosystems). Reaction products were analyzed by an ABI PRISM 373 DNA sequencer (PE Applied Biosystems) at the University of Wisconsin-Madison Biotechnology Center. Phylogenetic assignments were made by BLAST-N (4) analysis of nucleotide sequences. It should be noted that, while the GenBank matches were, in many cases, to organisms named to the species level (Table 1) , proper assignment of the isolates to species would require confirmatory tests. In the absence of these data, all discussion regarding isolates acquired in the present study will be limited to the genus level.
Nucleotide sequence accession numbers. Sequence data obtained in this study from 16S rRNA gene analysis were cataloged in GenBank under the accession numbers listed in Table 1 .
RESULTS AND DISCUSSION
Characterization of micellar HA solutions for phenanthrene sorption capacity, the phenanthrene partitioning coefficient, and aqueous-phase phenanthrene concentrations. In the equilibrium dialysis experiment, HA sorption of phenanthrene (aqueous solubility, ϳ1 g ml Ϫ1 ) reached a plateau after about 175 h (Fig. 1A) . The apparent aqueous concentration of phenanthrene associated with the HA (HA sorption capacity) was 34 Ϯ 2 g ml Ϫ1 (95% confidence level). The enhancement in phenanthrene solubility was of the same order of magnitude as that reported for solubilization of other hydrophobic compounds (water solubility, Յ5 g liter Ϫ1 ) in humic acid solutions (16, 55) . Desorption reached an apparent equilibrium after ca. 70 h (Fig. 1B) , after which the average aqueous-phase concentration of phenanthrene was 0.58 Ϯ 0.06 g ml Ϫ1 (95% confidence level).
A full appreciation of the results discussed below regarding mineralization of phenanthrene in HASP cultures requires an understanding of the partitioning of phenanthrene between the aqueous (bioavailable) phase and the humic phase. The phenanthrene partition coefficient (K P ) can be estimated from both the sorption and desorption experiments. The former of these (sorption coefficient, K P,sorption ) can be calculated using data from the equilibrium dialysis test and the following equations: 
The phenanthrene desorption coefficient (K P,desorption ) can also be calculated using equations 1 to 3. Note that [P] sorbed HASP is calculated using the mass of phenanthrene in the 12-ml chamber containing the HA solution only, while [P] aqueous HASP includes the mass in the aqueous phases of both dialysis chambers. To calculate these terms, we start with the total amount of phenanthrene added in the HA solution: 384 g. Next we consider that at equilibrium a total of 13.92 g had desorbed ([P] aqueous HASP ϭ 0.58 g ml Ϫ1 in the two 12-ml chambers). Thus, the mass of sorbed phenanthrene remaining in the 12 ml of HA solution was 370.08 g ([P] sorbed HASP ϭ 30.84 g ml Ϫ1 ). Placing this value into equation 3 gives
The partition coefficients determined from the two experiments were similar but not identical: we assume that that the true sorption coefficient is in the range of 30 to 50. However, to gain a conservative estimate of [P] aqueous HASP (i.e., the traditionally defined bioavailable phenanthrene concentration) in the HASP cultures, we will use the lower K P value of 33. In these cultures, [P] total HASP was 14 g ml Ϫ1 , and rearranging equation 3 gives
͓P͔ aqueous HASP ϭ 14 g ml
The value of 0.4 g ml Ϫ1 represents the initial concentration of phenanthrene in the aqueous phase. The total amount of bioavailable phenanthrene includes the initial amount in the aqueous phase along with that which desorbed during the course of the experiment. From the slope of the desorption curve, the estimated rate of phenanthrene diffusion from the humic phase was ca. 0.007 g h Ϫ1 1 (e.g., 0.4 g ml Ϫ1 in 48 h). The actual desorption rate in HASP cultures tested in the experiments reported below ( Fig. 2; Table 2 ) would be less than 0.007 g ml Ϫ1 h Ϫ1 because sorbed phenanthrene levels in HASP cultures were 50% lower than the levels used in the desorption experiments (Fig. 1B ): 14 versus 32 g ml Ϫ1 , respectively. Nevertheless, we can estimate that in the HASP mineralization studies (see below), the total amount of phenanthrene accessible through the aqueous phase in 48 h (i.e., the period in the time course study in which mineraliza- tion reached maximum levels [see below]) would have ranged from 0.6 to 0.8 g ml Ϫ1 . Thus, desorption combined with the initial phenanthrene levels would give bioavailable phenanthrene levels ranging from 4 to 6% of [P] total HASP . Thus, in the HASP cultures, for phenanthrene mineralization levels to significantly exceed 7 to 8% in 48 h, an isolate would need to access phenanthrene sorbed by the humic acids and indicate that some or all of the humic acid-sorbed phenanthrene was directly bioavailable (i.e., substrate uptake not dependent on desorption).
Phenanthrene degrader isolation and identification. A total of 68 phenanthrene degraders were isolated from the four soils (Table 1) . Banding patterns (genomic fingerprints) generated from BOX-PCR were reproducible to the extent that two isolates could be distinguished as unique strains based on the presence or absence of a single band. At this level of resolution, we could identify unique isolates as well as redundant isolates (clones) of the same strain. Thus, based on BOX-PCR analysis, the total number of unique phenanthrene-degrading isolates recovered from all four soils by the HAB, NSP, and HASP systems was 3, 25, and 5, respectively.
The NSP approach yielded isolates from all soils (Table 1) are similar to those of many previous investigators (1, 2, 18, 20, 26, 32, 37, 39, 56, 60) . However, with the HASP system, isolates were obtained from the Chippewa Falls, Eau Claire, and Iowa City soils, but not from Ashland ( Table 1) . Isolation of bacteria from HAB cultures showed that HA prepared for use in enrichments could serve as a carbon source. The cumulative dilution during HAB enrichments was greater than a millionfold, so there would be little carryover of carbon from the soil inoculum. Plate culture examination verified that the HA was sterile; thus, HAB isolates were not HA-introduced contaminants. Thus, we hypothesize that HAB isolates were cultured on HA during enrichment and then selected on plates for their ability to utilize phenanthrene. Comparative analysis of HASP and NSP mineralization: identification of isolates with the "competence" phenotype. In the time point tests, the patterns and levels of NSP mineralization were similar for all strains, and maximum levels of mineralization were reached within 2 days of incubation (Fig.  2) . Delftia sp. strain Eh2-1 differed in that 14 CO 2 production reached a level that was about half of that produced by the other strains (Fig. 2) : this likely reflects differences between the strains in growth yields. Mineralization of HASP, however, was observed only with four of the five HASP isolates: Burkholderia sp. strains Eh1-1, Eh2-1, Ch3-5, and Ch1-1. For these isolates, the time frame and endpoints of HASP and NSP mineralization were the same (Fig. 2) . Thus, sorption by HA did not significantly slow the process of phenanthrene mineralization by these strains. Diluting the initial inoculum of strain Eh1-1 lengthened the period needed to attain maximum levels of HASP mineralization, but not the endpoint (Fig. 2) . The dilution effect and the shape of the resulting mineralization curve would be consistent with phenanthrene mineralization in HASP cultures as a growth-linked process. The lack of HASP mineralization by Burkholderia sp. strain Cs1-4 and Sphingomonas sp. strain 12H6 could not be attributed to differences in inoculant density (all inoculants were of similar cell densities [see Materials and Methods]) or, as evidenced by the high levels of NSP mineralization by these strains, inactive inoculant.
In the endpoint screening experiment, all isolates mineralized phenanthrene in the NSP cultures (Table 2) . However, HASP mineralization was again detected with only four of the a NSP contained a total of 14 g ml Ϫ1 phenanthrene in MSM. HASP contained a total of 14 g ml Ϫ1 phenanthrene in MSM with 2% (wt/vol) humic acid. b % 14 C, percentage of total added 14 C recovered in the indicated fraction. For HASP isolates, values are means from four replicates Ϯ standard deviations. For all other isolates, values are means from duplicated tests Ϯ standard deviations. Some NSP tests had poor mass balances (Ͻ70%); these were excluded from the table, and results from the single remaining test are presented without a standard deviation. All NSP percent CO 2 means were significantly different from the abiotic control (Dunnett's method; ␣ ϭ 0.05). None of the HASP percent CO 2 means were significantly different from the abiotic control (Dunnett's method; ␣ ϭ 0.05). Asterisks indicate that NSP percent CO 2 means were significantly different from those for the abiotic control (Dunnett's method; ␣ ϭ 0.05). Percent CO 2 means in NSP and HASP cultures were not significantly different (Wilcoxon rank sum test; ␣ ϭ 0.05).
c See Table 1 for further information on strain identities. Strains listed in Table 1 but not included in the above data set because of inactive inocula were Cs1-5, MC3, Ps1, Es2-1, 12H6, As2-1, Es2-5, and Xan. Abiotic, noninoculated controls of NSP and HASP cultures.
d "Outside" indicates an isolate acquired from an outside source. NA, not applicable.
five HASP enrichment isolates: Burkholderia sp. strains Eh1-1, Ch3-5, and Ch1-1 and Delftia sp. strain Eh2-1 ( Table 2) . As with the time point experiment, all isolates were tested at similar initial inoculum densities, and all strains reported in Table 2 showed relatively high activity in NSP cultures. So, again, effects of low inoculum density or activity could be eliminated as factors to which the inability of most isolates to mineralize HASP could be ascribed. Neither of the outside isolates displayed competence. One of these (S. aromaticivorans F199) was isolated by a traditional enrichment approach, while Sphingomonas sp. strain P5-2 was isolated by selection for growth on phenanthrene sorbed to polyacrylic beads (48) . It is noteworthy that, when synthetic resins have been used as PAH sorbents to enrich PAH degraders, mycobacteria typically predominate the isolate collection (6, 13, 14) . However, none of the mycobacteria isolated in the present study were competent. Adaptation of mycobacteria to grow on resin-sorbed PAH is often attributed to their hydrophobic cell surface. Thus, the lack of competence by mycobacteria may suggest that a hydrophobic cell surface does not facilitate access to humic acid-sorbed PAH.
Some replicate NSP cultures were omitted from Table 2 because of poor mass balances, which most likely resulted from volatile losses of phenanthrene. In HASP cultures, these losses would be minimized by sorption of phenanthrene to the humic acids. While volatile losses of phenanthrene in some replicate NSP cultures reduced the accuracy by which NSP mineralization endpoints were determined, it did not change the most important conclusion to be drawn from this comparative test: most strains enriched by the traditional approach (i.e., in NSP cultures) were incapable of mineralizing HASP. The single exception was Burkholderia sp. strain Eh1-1, clones of which were independently isolated from the HASP and NSP approaches ( Table 1) . The clones had identical BOX-PCR patterns and effected similar levels of HASP mineralization. The latter finding was significant because it showed that the HASP mineralization phenotype was not an artifact of enrichment in HASP cultures. That is, the characteristics that enabled HASP mineralization by certain strains occurred naturally in these organisms.
Isolates able to mineralize HASP are hereafter referred to as possessing the "competence" phenotype. The levels of HASP mineralization effected by these organisms (38 to 76% of [P] total HASP ) ( Table 2 ; Fig. 2 ) far exceeded the amount estimated to be bioavailable in the aqueous phase alone (7 to 8% of [P] total HASP [see above]). These data indicate that a key attribute of competence was the ability to access phenanthrene in the sorbed state. Thus, for competent isolates, bioavailable phenanthrene included some or all of that sorbed by the humic acids.
Competence was an all-or-nothing phenotype; strains were either competent and showed high levels of HASP mineralization or noncompetent and showed no significant HASP mineralization. While the cellular characteristic(s) enabling competence is as yet unknown, the presence/absence nature of the phenotype suggests that it was not attributable solely or primarily to characteristics that vary across a continuum (e.g., permeability or cell surface charge). The process underlying competence appeared similar to "direct bioavailability," which referred to the bacterial uptake of a surfactant-sorbed substrate directly from the cores of surfactant micelles (17) . Direct bioavailability was suggested based on mineralization kinetics of phenanthrene sorbed by micellar solutions of synthetic, nonionic surfactants (17) . The mechanism by which direct bioavailability occurred was not determined, but it was proposed that uptake occurred from a layer of surfactant hemi-micelles that formed on the cell surface (17) . A similar process could be envisioned to underlay competence.
For the noncompetent strains, the lack of HASP mineralization did not reflect the toxicity of the HA solutions, as these organisms grew well in MSM-2% HA containing phenanthrene in excess of the HA sorption capacity or in tryptic soy broth containing 2% HA (data not shown). Thus, phenanthrene degradation by noncompetent strains in HASP cultures was likely limited by mass transfer of phenanthrene from the HA sorbent to the aqueous phase. It was noteworthy that none of the HAB isolates were competent. This may indicate that selection for the phenotype required some incentive to interact with humic acids (e.g., to access growth substrate sorbed by the humic acids) and that exposure to humic acids alone did not apply sufficient selective pressure. Noncompetence of the HASP isolate 12H6 suggested that it was enriched from the Iowa City soil by a mechanism similar to that of the HAB isolates. The lack of recovery of competent strains from the Iowa City and Ashland soils could indicate either that they were absent from these soils or that some aspect of the HASP enrichment system was inadequate to allow their recovery. Further studies would be needed to resolve this issue.
Summary and conclusions.
These studies demonstrated that sorption of phenanthrene to humic acids created a barrier to bioavailability that was breached only by a specific group of competent bacteria. Providing HASP as a carbon source enriched for these organisms, presumably by selecting for strains capable of interacting with humic acids in such a way as to gain access to the sorbed phenanthrene. While the nature of these attributes is unknown, to the best of our knowledge, this is the first report of a selective interaction between aerobic bacteria and humic acid molecules. Further studies are needed to identify the physical basis for competence.
Previous investigators demonstrated bacterial adaptation to degrade PAH sorbed to synthetic resins (6, 13, 14, 48) . Exposure to humic acids has also been shown to stimulate PAH degradation (21, 33) . The present work has shown that bacteria may also adapt to interact with humic acids, such that PAH sorbed by these molecules is bioavailable. Furthermore, sorption to colloidal humics is an important environmental pathway for PAH transport (30) , and the present studies open the possibility that certain types of PAH-degrading bacteria might preferentially interact with these colloids and consequently affect the fate and behavior of this mobile pool of PAH. Given that humic acids are the most prevalent form of terrestrial and aquatic organic matter, there may be many interactions with competent microbes that we do not yet recognize.
There are many differences between natural environmental sorbents and all of the surrogates that have been explored so far, and it remains to be determined if characteristics of surrogate-adapted bacteria can facilitate access to PAH sorbed by the environmental sorbents. However, it is clear that the majority of PAH degraders isolated by conventional enrichments with PAH supplied as crystals in aqueous solutions probably VOL. 71, 2005 HUMIC ACID-SORBED PHENANTHRENE DEGRADATION 3803 lack characteristics that enable interactions with sorbents and, as such, may be of questionable environmental significance. The potential for effective interaction with environmental sorbents warrants attention as a primary characteristic to be considered in the selection and study of organisms that degrade PAH or other hydrophobic compounds.
